REPORT  DOCUMENTATION  PAGE 


Form  Approved  OMB  NO.  0704-0188 


The  public  reporting  burden  for  this  coilection  of  information  is  estimated  to  average  1  hour  per  response,  inciuding  the  time  for  reviewing  instructions, 
searching  existing  data  sources,  gathering  and  maintaining  the  data  needed,  and  compieting  and  reviewing  the  coiiection  of  information.  Send  comments 
regarding  this  burden  estimate  or  any  other  aspect  of  this  coilection  of  information,  including  suggesstions  for  reducing  this  burden,  to  Washington 
Headquarters  Services,  Directorate  for  information  Operations  and  Reports,  1215  Jefferson  Davis  Highway,  Suite  1204,  Ariington  VA,  22202-4302. 
Respondents  shouid  be  aware  that  notwithstanding  any  other  provision  of  iaw,  no  person  shaii  be  subject  to  any  oenaity  for  failing  to  comply  with  a  coiiection 
of  information  if  it  does  not  dispiay  a  currentiy  vaiid  OMB  controi  number. 

PLEASE  DO  NOT  RETURN  YOUR  FORM  TO  THE  ABOVE  ADDRESS. 


2.  REPORT  TYPE 
Final  Report 


1.  REPORT  DATE  (DD-MM-YYYY) 
26-06-2017 


4.  TITLE  AND  SUBTITLE 

Final  Report:  Probing  Enzyme-Surfaee  Interaetions  via  Protein 
Engineering  and  Single-Molecule  Techniques 


3.  DATES  COVERED  (From  -  To) 
l-Apr-2012-  31-Mar-2017 


5a.  CONTRACT  NUMBER 
W911NE-12-1-0115 


5b.  GRANT  NUMBER 


6.  AUTHORS 
Joel  Kaar 


5c.  PROGRAM  ELEMENT  NUMBER 
611102 


5d.  PROJECT  NUMBER 


5e.  TASK  NUMBER 


5f.  WORK  UNIT  NUMBER 


7.  PERFORMING  ORGANIZATION  NAMES  AND  ADDRESSES 

University  of  Colorado  -  Boulder 
3100  Marine  Street,  Room  481 
572  UCB 

Boulder,  CO  80303  -1058 


9.  SPONSORING/MONITORING  AGENCY  NAME(S)  AND  ADDRESS 
(ES) 

U.S.  Army  Research  Office 
P.O.  Box  12211 

Research  Triangle  Park,  NC  27709-2211 


12.  DISTRIBUTION  AVAILIBILITY  STATEMENT 


8.  PERFORMING  ORGANIZATION  REPORT 
NUMBER 


10.  SPONSOR/MONITOR'S  ACRONYM(S) 
ARO 


11.  SPONSOR/MONITOR'S  REPORT 
NUMBER(S) 

61749-CH-YIP.6 


Approved  for  Public  Release;  Distribution  Unlimited 


13.  SUPPLEMENTARY  NOTES 

The  views,  opinions  and/or  findings  contained  in  this  report  are  those  of  the  author(s)  and  should  not  contmed  as  an  official  Department 
of  the  Army  position,  policy  or  decision,  unless  so  designated  by  other  documentation. 


14.  ABSTRACT 

The  overall  objective  of  this  research  was  to  exploit  protein  engineering  and  fluorescence  single-molecule  methods 
to  enhance  our  understanding  of  the  interaction  of  proteins  and  surfaces.  Given  this  objective,  the  specific  aims  of 
this  research  were  to:  1)  exploit  the  incorporation  of  unnatural  amino  acids  in  proteins  to  introduce  single-molecule 
probes  (i.e.,  fluorophores  for  fluorescence  resonance  energy  transfer  (FRET)  measurements),  2)  demonstrate  the 
utility  of  site-specific  labeling  for  characterizing  surface-induced  conformational-bias  of  proteins  at  the  single- 

i„  1^ — — A  TV  „i _ _  ; _ — - A  a,, v;  „ 


15.  SUBJECT  TERMS 

Protein-surface  interactions,  single-molecule  methods,  Organophosphorus  hydrolase,  FRET 


16.  SECURITY  CLASSIFICATION  OF: 

17.  LIMITATION  OF 

15.  NUMBER 

a.  REPORT 

b.  ABSTRACT 

c.  THIS  PAGE 

ABSTRACT 

OF  PAGES 

UU 

UU 

UU 

UU 

Joel  Kaar 


19b.  TELEPHONE  NUMBER 
303-492-6031 


Standard  Form  298  (Rev  8/98) 
Prescribed  by  ANSI  Std.  Z39. 18 


RPPR 

as  of  12-Oct-2017 


Agency  Code: 

Proposal  Number:  Agreement  Number: 

Organization: 

Address:  ,  , 

Country: 

DUNS  Number: 

Report  Date: 

for  Period  Beginning  and  Ending 

Title: 

Begin  Performance  Period: 

Report  Term:  - 

Submitted  By: 

Distribution  Statement:  - 

STEM  Degrees:  STEM  Participants: 

Major  Goals: 

Accomplishments: 

Training  Opportunities: 

Results  Dissemination: 

Plans  Next  Period: 

Honors  and  Awards: 

Protocol  Activity  Status: 

Technology  Transfer: 


EIN: 

Date  Received: 


End  Performance  Period 

Email: 

Phone: 


FINAL  REPORT 


Project  Title:  Probing  Enzyme-Surface  Interactions  via  Protein  Engineering  and  Single- 

Molecule  Techniques 

Award:  W911NF-12-1-0115 

Joel  L.  Kaar 


Department  of  Chemical  and  Biological  Engineering,  University  of  Colorado  Boulder,  Campus 

Box  596,  Boulder,  CO,  80309 


Correspondence  to: 

Joel  L.  Kaar  (Principal  investigator) 
email:  joel.kaar@colorado.edu 
tel:  (303)  492-6031 
fax:  (303)  492-4341 


Goals  and  Objectives 

The  overall  objective  of  this  research  is  to  exploit  protein  engineering  and  fluorescence  single¬ 
molecule  methods  to  enhance  our  understanding  of  the  interaction  of  proteins  and  surfaces.  Given 
this  objective,  the  specific  aims  of  this  research  are  to:  1)  exploit  the  incorporation  of  unnatural 
amino  acids  in  proteins  to  introduce  single-molecule  probes  {i.e.,  fiuorophores  for  fluorescence 
resonance  energy  transfer  (FRET)  measurements),  2)  demonstrate  the  utility  of  site-specific 
labeling  for  characterizing  surface-induced  conformational-bias  of  proteins  at  the  single -molecule 
level,  and  3)  correlate  changes  in  protein  structure  and  interfacial  dynamics  {i.e.,  adsorption, 
diffusion,  and  desorption)  upon  interaction  of  freely  diffusing  proteins  with  surfaces  with  polar, 
non-polar,  and  polymer  chemistries. 

Major  Accomplishments 

In  line  with  the  specific  goals  and  objectives  of  the  proposal,  the  major  accomplishments  over  the 
course  of  this  project  included:  1)  the  development  and  application  of  novel  high-throughput 
single-molecule  tracking  methods  to  characterize  protein  structure  and  dynamics  in  near-surface 
environments  and  2)  the  development  of  a  novel  bioorthogonal  approach  to  site-specifically 
immobilize  enzymes  on  multi-functional  materials  via  post-translational  modification.  Of  note,  the 
latter  achievement  was  part  of  a  collaboration  with  Shaun  Filocamo,  Joshua  Uzarski,  and  Timothy 
Eawton  at  NSRDEC,  which  was  initiated  after  this  project  was  initiated.  Although  not  initially 
included  in  the  original  proposal,  this  work  was  directly  complementary  to  the  work  that  was 
originally  proposed  through  controlling  the  reactivity  of  enzymes  with  surfaces.  A  summary  of  the 
major  achievements  in  each  aspect  of  this  project  is  provided  below. 

Development  of  High-Throughput  Single-Molecule  Tracking  Methods 

We  have  developed  an  approach  to  monitor  protein  unfolding  in  near-surface  environments  using 
single-molecule  intramolecular  Forster  resonance  energy  transfer  (smFRET).  This  approach. 
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which  was  developed  with  Prof.  Daniel  Sehwartz  at  CU,  involves  high-throughput  smFRET 
traeking  of  individual  protein  moleeules  at  the  solution-solid  interfaee  using  total  internal 
refleetion  fluoreseenee  mieroseopy.  Using  this  approaeh,  ehanges  in  eonformation  ean  be 
eorrelated  with  other  dynamie  phenomena,  sueh  as  adsorption,  diffusion,  and  desorption,  by 
tracking  -'10^  molecules  and  performing  large-scale  multivariate  eomputational  analyses.  To 
demonstrate  this  approaeh,  struetural  ehanges  in  organophosphorus  hydrolase  (OPH)  were 
monitored  upon  adsorption  on  fused  siliea  surfaees.  Analysis  of  >30,000  trajeetories  enabled  the 
observation  of  heterogeneities  in  the  kineties  of  surface-induce  OPH  unfolding  with  unprecedented 
moleeular  detail.  Although  Prof  Sehwartz’s  group  has  previously  used  single-moleeule  methods 
to  investigate  interfaeial  phenomenon,  our  group  was  the  first  to  utilize  these  methods  to  address 
fundamental  questions  related  to  protein  strueture  on  surfaees.  A  eritieal  eomponent  of  this 
approach  entailed  the  use  of  genetic  code  expansion  to  ineorporation  unnatural  amino  acids,  which 
permitted  the  attachment  of  fiuorophores  at  preeise  loeations.  By  incorporating  the  fiuorophores 
at  preeise  loeations,  fluctuations  in  smFRET  efficiency  could  be  direetly  related  to  ehanges  in 
protein  strueture  at  the  molecular  level. 

Application  of  Single-Molecule  Methods  to  Correlate  Protein  Structure  and  Dynamics  on  Surfaces 
While  applying  smFRET,  we  have  presented  a  new  model  for  protein  denaturation  at  solid-liquid 
interfaees.  Our  results  speeifieally  showed  that  protein  unfolding  on  surfaees  is  mediated  by 
surfaee  diffusion  and  oecurs  on  isolated  nanoscale  sites,  which  are  rare  and  distinet  from  the 
majority  of  the  surface.  Aeeordingly,  surface-mediated  unfolding  may  be  equated  to  a  seareh 
proeess,  whieh  involves  exploration  of  a  surfaee  that  eontains  loealized  denaturing  sites.  These 
sites,  whieh  are  virtually  impossible  to  eliminate  entirely,  arise  from  loeal  ehanges  in  ehemieal  and 
physical  properties  of  the  surface  due  to  spatial  heterogeneity.  Importantly,  these  heterogeneities 
would  be  invisible  using  eonventional  ensemble-averaging  methods  for  investigating  protein 
strueture  at  interfaees.  Additionally,  beeause  interfaeial  dynamics  and  conformation  cannot  be 
directly  observed  using  traditional  methods,  the  role  of  diffusion  on  unfolding  would  be 
inaeeessible  using  sueh  teehniques.  Ultimately,  our  findings  address  a  fundamental  question  about 
the  meehanism  of  protein  unfolding  on  surfaees  and,  moreover,  suggest  a  different  approaeh  to 
rationally  tailoring  surfaees  for  improved  bioeompatibility.  Namely,  while  most  strategies  for 
redueing  protein  unfolding  on  surfaees  have  foeused  on  altering  the  overall  hydrophobieity  of  a 
surfaee  via  a  uniform  eoating  proeess,  our  results  highlight  the  importanee  of  redueing  spatial 
heterogeneity.  In  addition  to  using  soluble  bloeking  agents,  spatial  heterogeneity  may  be  redueed 
via  ehemieally  passivating  anomalous  sites  with  hydrophilie  (e.g.,  polyethylene  glyeol)  or 
zwitterionie  (e.g.,  polysulfobetaine)  polymers  that  are  protein  resistant.  Additionally,  the  effeets 
of  spatial  heterogeneity  on  unfolding  may  be  reduced  by  eonfining  protein  mobility  such  as  via 
introducing  nanoscale  features  that  bloek  protein  diffusion  and,  in  turn,  limit  the  exploration  of  the 
surfaee  by  the  protein. 

Additionally,  using  smFRET  in  eombination  with  high-throughput  traeking,  we  also  investigated 
the  use  of  polymer  brushes  to  eontrol  protein-surface  interaetions.  In  this  work,  we  showed  that 
the  interaetions  of  proteins  with  polyethylene  glyeol  (PEG)  brushes  are  highly  eomplex  and  vary 
as  a  funetion  of  grafting  density.  Interestingly,  results  of  smFRET  analysis  found  that,  as  grafting 
density  inereased,  the  rate  of  adsorption  of  the  model  protein  fibroneetin  decreased;  however, 
adsorbed  molecules  unfolded  faster,  and  unfolded  molecules  were  retained  longer  on  the  brush. 
The  stabilization  of  unfolded  molecules  was  attributed  to  a  reduetion  in  hydration  in  regions  of  the 


2 


brush  due  to  changes  in  the  brush  structure,  which  favor  binding  of  unfolded  proteins  at  these  sites. 
These  findings  suggest  there  is  an  inherent  balance  between  protein  adsorption  and  the  stabilization 
of  unfolded  protein  molecules  on  the  surface  that  arises  from  increasing  grafting  density.  This 
understanding  is  critical  for  designing  polymer  brushes  that  resist  unfolded  protein  molecules  and, 
in  turn,  prevent  adverse  biological  responses. 

To  test  the  hypothesis  that  the  stabilization  of  unfolded  fibronectin  was  due  to  a  reduction  in 
hydration  in  regions  of  the  brush,  we  investigated  the  impact  of  adding  the  zwitterionic  polymer 
poly(sulfobetaine)  (PSB)  to  PEG  brushes.  We  reasoned  that  the  addition  of  PSB,  which  is  highly 
hydrophilic,  would  disrupt  local  hydrophobic  “hotspots”  within  the  PEG  brush,  thereby  reducing 
the  stabilization  of  unfolded  fibronectin.  Our  results  indicated  that,  as  the  fraction  of  PSB  in  the 
brush  increased,  the  rate  of  fibronectin  adsorption  decreased.  However,  interestingly,  an  optimum 
fraction  of  PSB  for  inhibiting  the  stabilization  of  unfolded  fibronectin  as  well  as  minimizing  the 
denaturation  of  fibronectin  was  observed.  Additionally,  in  single-molecule  experiments  using  an 
environmentally-sensitive  fiuorophore,  we  directly  showed  that  the  relative  fraction  of 
hydrophobic  “hotspots”  decreased  with  increased  PSB.  These  results  suggest  that  the  optimum 
ratio  of  PSB-to-PEG  arises  from  the  balance  between  the  density  of  hydrophobic  “hotspots”  and 
electrostatic  interactions  at  high  PSB  fractions.  The  enhancement  of  electrostatic  interactions 
between  fibronectin  and  the  brush  at  high  PSB  fractions  may  also  be  denaturing.  We  are  currently 
exploring  the  molecular  basis  for  the  impact  of  mixing  PSB  with  PEG  to  prevent  denaturation  and 
the  stabilization  of  unfolded  fibronectin  via  molecular  dynamics  simulations.  Ultimately,  these 
findings  implicate  the  potential  utility  of  mixed  PEG/PSB  brushes  as  a  novel  coating  for 
biomaterials  with  improved  biocompatibility  over  conventional  polymer  brushes. 

Easily,  we  have  combined  two-color  intramolecular  smERET  with  intermolecular  smERET  to 
connect  surface-adsorbed  protein  structure  and  function.  This  approach  was  demonstrated  by 
simultaneously  measuring  binding  of  the  integrin  UvPs  from  solution  to  surface-adsorbed 
fibronectin  as  a  function  of  fibronectin  conformation  on  the  surface.  Using  this  approach,  we 
showed  that  the  interaction  between  surface-adsorbed  and  UvPs  is  strongly  dependent  on  interfacial 
dynamics,  and  that,  more  specifically,  such  dynamics  directly  influence  both  the  stability  of  the 
bound  fibronectin-avPs  complex  and  time-to-binding  for  avPs  to  fibronectin.  In  particular,  as  the 
dynamic  behavior  of  fibronectin  increased,  the  rate  of  binding,  particularly  to  folded  fibronectin, 
and  stability  of  the  bound  fibronectin-avPs  complex  decreased  significantly.  Changes  in  dynamics 
may  alter  the  rate  of  binding  and  stability  of  the  bound  complex  by  perturbing  the  local  structure, 
accessibility,  and  orientation  of  the  integrin  binding  site.  These  findings  ultimately  have  important 
implications  in  controlling  the  response  of  cells  to  natural  as  well  as  foreign  materials  and, 
moreover,  the  underlying  mechanism  of  the  sensing  of  mechanical  forces  by  cells,  which  are 
regulated  by  fibronectin- integrin  interactions. 

Development  of  Post-Translational  Ligation  Approach  to  Site-Specijically  Immobilize  Enzymes 
In  addition  to  understanding  the  interaction  of  proteins  and  enzymes  with  surfaces,  we  were 
inherently  interested  in  also  controlling  the  reaction  of  proteins  and  enzymes  with  materials.  To 
this  end,  we  also  developed  a  novel  bioorthogonal  approach  to  site-specifically  immobilize 
enzymes  on  multi-functional  surfaces  via  post-translational  modification.  This  approach,  which 
was  initially  demonstrated  with  green  fluorescent  protein  and  later  with  the  model  enzyme  lipase, 
was  based  on  the  modification  of  an  engineered  peptide  tag  by  the  enzyme  lipoic  acid  ligase 
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(LplA).  In  this  approach,  LplA  is  used  to  modify  an  engineered  peptide  tag,  whieh  is  eloned  into 
the  target  enzyme,  with  an  azide-eontaining  substrate  (z.e.,  10-azidodeeanoie  aeid).  Following  the 
ligase-mediated  reaetion,  the  azide  group  may  subsequently  be  used  to  “eliek”  the  target  protein 
or  enzyme  to  the  surfaee  in  a  bioorthogonal  manner.  Similar  enzyme-mediated  approaehes  to 
eonjugate  proteins  with  modifying  agents  and  to  materials  have  been  reporting  using  other 
enzymes,  ineluding  biotin  ligase,  sortase,  transglutamase,  farnesyltransferase,  and  formylglyeine 
generating  enzyme.  However,  sueh  approaehes  are  generally  restrieted  in  terms  of  the  loeation  of 
the  modifieation  and,  in  some  eases,  non-speeifie  while  also  resulting  in  eleavage  of  the 
polypeptide  baekbone  of  the  target  protein.  Additionally,  the  substrates  for  these  other  enzymes, 
whieh  are  also  slow  and  ineffieient,  are  not  readily  available  or  easily  synthesized,  thereby  limiting 
widespread  use  of  these  approaehes. 

Having  sueeessfully  demonstrated  this  approaeh,  a  fundamentally  important  question  is  to  what 
extent  ean  we  prediet  sites  in  enzymes  that  ean  aeeommodate  the  LplA  tag.  This  question  is 
partieularly  important  from  a  praetieal  perspeetive  given  that  the  insertion  of  large  peptide  loop 
ean  disrupt  protein  or  enzyme  strueture  and  lead  to  denaturation.  While  the  likelihood  of 
aeeommodation  of  sueh  loops  may  be  predieted  from  struetural  analysis,  the  aeeuraey  of  sueh 
predietions  is  frequently  low,  whieh,  in  turn,  translates  to  the  need  to  experimentally  test  a  large 
number  of  sites.  To  overeome  this  ehallenge,  we  demonstrated  a  eomputationally  inexpensive 
method  to  sean  protein  or  enzyme  struetures  to  rapidly  and  aoeurately  identify  sites  that 
aeeommodate  peptide  insertions.  The  basis  for  this  method  is  the  use  of  the  kinematie  elosure  loop 
modeling  feature  within  the  Rosetta  protein  modeling  software  suite,  whieh  was  used  to  model  the 
LplA  tag  within  lipase.  Having  modeled  the  LplA  tag  at  every  amino  aeid  position  in  lipase,  the 
model  predietions  were  eompared  to  the  produetion  of  soluble  enzyme  for  a  library  of  lipase 
eonstruets  that  were  ereated  with  the  LplA  tag  at  varying  loeations.  In  this  ease,  the  produetion  of 
soluble  lipase  was  used  as  an  experimental  measure  of  the  ability  of  a  site  to  aeeommodate  the 
insertion.  Interestingly,  our  results  found  a  strongly  eorrelation  between  the  Rosetta  seore  and 
soluble  expression  and,  more  speeifieally,  that  the  predietion  was  dominated  by  the  nature  of  the 
neighboring  residues  around  the  mutation  site.  Perhaps  even  more  interesting,  using  this  approaeh, 
we  were  able  to  aoeurately  prediot  sites  that  aeeommodate  the  LplA  tag  that  would  be  unintuitive 
based  on  strueture  and  related  measures,  inoluding  solvent  aooessibility  and  temperature  faotor, 
alone.  The  ability  to  prediot  sueh  sites  a  priori  presents  oonsiderable  opportunities  to  signifioantly 
reduoe  the  number  of  sites  that  must  be  tested  experimentally  while  faoilitating  the  ease  with  whieh 
an  enzyme  may  be  immobilized  on  a  surfaee  in  a  site-speoifio  manner. 
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